Abstract Simulations of carbon impurity transport in SOL/divertor plasmas with Ohmic heating on EAST tokamak were performed using the two-dimensional (2D) Monte Carlo impurity transport code DIVIMP. The background plasmas for DIVIMP simulations were externally taken from B2.5/Eirene calculation. Besides the basic output of DIVIMP, the 2D density distributions of the carbon impurity with different ionization states and neutral carbon atoms were obtained, the 2D distributions of CII and CIII emissivities from C +1 and C +2 radiation respectively were also calculated. Comparison between the measured and calculated CIII emissivities showed favorable agreement, indicating that the impurity physics transport models, as implemented in the DIVIMP code, are suitable for the EAST tokamak plasma condition.
Introduction
The experimental advanced superconducting tokamak (EAST), a fully superconducting tokamak, is an advanced experimental device with a long pulse operation capable of studying some key scientific issues of plasma physics and fusion technology in the steady state operation in support of ITER and for further use of fusion energy research. The production and accumulation of impurities has become a serious problem with the long pulse operation in EAST. In order to control the impurity behavior in the long pulse operation and to fulfill the scientific missions of EAST, the study of impurity behavior in EAST is an indispensable approach [1] . The impurities ranging from low Z (C, Be, O) to high Z (W, Mo) in a tokamak are produced because of the interactions between the plasma and the first wall. The beneficial aspects of impurities are the power exhaust by the impurity radiation in front of the divertor plates or first wall and the reduction of power fluxes to the targets and wall. On the contrary, the impurities transporting to the main plasma could reduce the fusion power due to fuel dilution and deteriorate the energy confinement due to radiation loss. Therefore, the performances of divertor and SOL plasmas depend to a large degree on the behavior of impurities. Investigation of the properties of impurity transport in tokamak like EAST could give us hints for the improvement of plasma performances in this region, as well as in the core.
Experiment plasma diagnostics and code simulations are two main methods to help understand the underlying physical mechanism of impurity production and distribution in tokamak. However, some important information related to impurities such as the impurity density cannot be directly diagnosed, and the range of diagnostics access in the divertor region is limited. For this reason, some of the unknown parameters for describing impurity property must be inferred from the limited experimental measurements, which will sometimes result in great uncertainties. Fortunately, we can use transport simulation codes to supplement the missing information of both the background plasma parameters and the impurity distribution. The simulation is essential to interpret the impurity behavior in the divertor, which it can quantify the complicated interaction between the background plasma and the impurities. Moreover, comparing the modeling results to the experimental measurement could further contribute to validate models in the code and help interpret the experiments. As for the EAST divertor, spectroscopic methods for acquiring the information of impurity profiles and influxes have been successfully used. However, it is the first time that we have made a comparison between the impurity transport properties from modeling results and those from the experimental diagnostics in this device.
Impurity transport simulation codes are classified into fluid codes and kinetic (often Monte Carlo) codes [2] . The Monte Carlo method has many benefit effects, such as the possibility of carrying out the simulations in realistic tokamak geometry and various de-tailed collisional effects [3] ; DIVIMP [4] (DIVertor IMPurity) is one of the most widely used 2D Monte Carlo transport codes for this purpose, it is used to simulate carbon impurity transport in EAST plasma with Ohmic heating. The detailed parameters of the experiments and those used in the simulations are described in section 3.
EAST divertor and experiment diagnostics
EAST can operate with single and double null plasma configuration. The divertors of EAST are composed of inner-targets, outer-targets and domes, which are symmetrical to the equatorial plane [5] . The divertor has 16 separate modules along the toroidal direction. The inner and outer target plates and the dome form two deep V shape valleys, which can compress impurities and other particles. Fig. 1 shows in-vessel components in the cross-section of EAST. It clearly shows that [6] the inner-target is connected to the inside toroidal limiter and the outer-target is connected to the passive feedback stabilizer. Since the inner-target and outer-target intersect the separatrix, most energy from the core plasma is deposited on the targets. As a consequence, impurities caused by particle impacts and heat load on the plasma facing components mainly come from the inner-target and outer-target of the EAST divertor. At present, the divertor targets are covered by carbon materials called multi-element doped graphite, thus the following discussion will be focused on carbon impurities In the present EAST device, three-pin probe systems to identify the plasma parameters, as well as the plasma particle flux and heat flux at the target plate, are set up. Also the experimental measurement of impurity and background plasma emissivities in the SOL/divertor plasmas of EAST is now available for the study of impurity and plasma particle transport. Chords (lines of sight) for the measurement of these two kinds of emissivities are shown on Fig. 2. Fig. 2 shows the measurement system with 18 chords, named CIII (1-18U), which covers the upper and the lower SOL/divertor regions for the measurement of CIII and CII emissivities. The intersection angles made by every two adjacent chords in this system are equal to one another, which provide that the angular width of each independent LOS (line of sight) is a constant. DIVIMP is a 2D Monte Carlo code widely used for modeling the transport of impurity particles in a divertor equipped tokamak fusion device by means of following the trajectories of the neutrals and ions [7] . An OUT run is needed to present the results of the DI-VIMP run. To perform the modeling, one should provide the following input files for the DIVIMP or OUT run:
a. The tokamak geometry and MHD equilibrium to generate DIVIMP computational grids. MHD equilibrium is usually obtained from the magnetic measurement in an experiment by using an equilibrium fitting code, such as EFIT. For given fixed main (hydrogen) plasma conditions, DIVIMP can simulate the production of impurities and the interaction between impurities and the plasma facing components in a realistic geometry without any simplification or approximation other than the 2D restriction (toroidal symmetry).
The computational region for the simulation in this paper consists of the scraped off layer (main SOL and the divertor SOL) and a small segment of the core, which means that the computational region extends from the scraped off layer to the region that is often referred to as the 'outer core' (the region of the core near the separatrix). Detailed information of the computational region and the grids for this simulation can be seen in Fig. 3 . Fig.3 The DIVIMP computational region and grids for the simulation of carbon impurity transport in EAST Ohmic shot 12303 at t=5 s b. Impurities and plasma coexist and strongly couple with each other through forces acting on impurity ions and through radiation losses, which both determine the impurity profile in the plasmas. For this reason, the modeling of the impurity transport in the SOL/divertor of tokamak devices should be performed in background plasmas which correspond to the realistic discharge. The background plasma for the modeling presented here was externally obtained from the calculation of B2.5/Eirene [1, 8] , using the boundary conditions at the inner core boundary, the wall, the inner boundary of private flux regions and the divertor target plates.
Alternatively, quantities describing the background plasma can also be specified by a so called onion skin model (OSM), a multi-layer one-dimensional plasma model along magnetic field B, using radial profile measurements as boundary conditions [5, 6] , which could reconstruct the 2D profile of plasma parameters. The background plasma related to simulations mentioned in this paper is described as follows in detail.
c. The input file containing the listing of options and their settings for a DIVIMP run must be provided. A value for each quantity, including the ones to describe the cross-field diffusion coefficient and impurity source, must be specified in this file.
d. Lastly, the input file for an OUT run, which contains specification for the plots to be produced just after the DIVIMP run, should be provided.
Simulations mentioned here refer to the shot 12303 in EAST, a deuterium discharge with single null configuration subject to Ohmic heating of 161 kW at the shot time t=5 s. Table 1 shows the main parameters in the shot. The background plasma characteristics provided by B2.5/Eirene calculations for the DIVIMP simulation can be passed through DIVIMP to the OUT program for plotting. Figs. 4, 5 and 6 illustrate the 2D distributions of the background electron density and temperature as well as the ion temperature respectively. Fig. 4 shows that the electron density in the outer core region ranges from 1 × 10 18 m −3 to 6 × 10 18 m −3 , while in the SOL it ranges from 4 × 10 17 m −3 to 1.0 × 10 18 m −3 . In terms of the distribution of plasma temperature in the computational region for this shot, the electron temperature is about 200 eV in the inner side of the 'outer core'. While at the target plates, the electron temperature ranges from about 10 eV at the outmost of the SOL to about 40 eV at the separatrix strike point. Physical sputtering, chemical sputtering, thermal evaporation and radiation enhanced sublimation are all possible mechanisms that produce impurities in a tokamak. For different plasma facing materials and different background plasmas, the dominant impurity production mechanisms are different. For example, chemical sputtering mainly occurs in tokamak with carbon materials covering the first wall. The radiation enhanced sublimation cannot be brought about when the plasma temperature is lower than several thousand electron volts. In the light of background plasma in this particular Ohmic shot 12303, the electron temperature and ion temperature are both much less than 1 keV. Moreover, in consideration of the fact that plasma facing components in EAST is covered by carbon materials called multi-element doped graphite, the C impurity species in simulations presented here are supposed to be generated by the physical sputtering and chemical sputtering. The data related to physical sputtering are based on Eckstein (1993) with a small change to the H, D, T isotope effects taken from Garcia-Rosales and Roth (1996) . The chemical sputtering yield is given by the formulae from Garcia-Rosales/Roth (1996). The dependence of sputtering yield on the projectile energy and the incident angle of bombarding particles are described in Refs. [9] [10] [11] in detail. It is also assumed that all of the impurity particles are only sputtered by the background ions, and that the self-sputtering cascade does not occur. The impact energy of the background plasma ion is given by
Where T iB , T eB are the local background plasma ion temperature and electron temperature respectively and Z B =1 is the charge number of the background ion. 2kT i is roughly the thermal energy at the edge of the sheath on the surface of the divertor target, and 3kT e represents the energy gained by the incident background ions through the sheath potential drop. Physical processes such as ionization, recombination and charge exchange of C impurities are taken into consideration simultaneously in the modeling. Ionization and radiation data are taken from the ADAS [12] . The depth of a sputtered impurity neutral into the plasma before it is ionized has a strong influence on the resulting impurity density within the plasma. Impurity penetration depends on the energy with which the neutral is launched from the surface, and also the angular distribution of emission. Since the practical divertor target plate surfaces are rough, a cosine angular emission is probably a reasonable approximation [13, 14] . Chemically sputtered neutrals usually have thermal velocities characteristic of the substrate temperature. In this shot, the typical divertor target plate temperature is about 350 K. Physically sputtered particles often obey a Thompson energy and velocity distribution to a first approximation [13, 14] . In this simulation, the DIVIMP calculated total effective yield (the mean number of particles removed from the surface of a solid per incident particle) of the chemical sputtering and the physical sputtering is 1.200 × 10 −2 and the effective physical sputtering yield is 1.112 × 10 −2 . This means that the physical sputtering is the main erosion process in this shot. So, the transport processes of the chemically sputtered impurities (typically CD 4 ) have not been traced separately, but they were considered to start as C atoms with low energy characteristic of the temperature of the divertor target plates.
In DIVIMP, the angular distribution and the energy distribution of the sputtered C atoms can be specified by Eqs. (2) and (3) respectively. Where E bd is the binding energy of the target material, and m i is the atomic number of the target material, ε 1 , ε 2 are random numbers uniform in (0, 1) [15] . Eq. (3) gives a Thompson energy (velocity) distribution. The maximum energy of the sputtered C atoms is shown in Eq. (4).
Where γ = 4m B m t /(m B + m t ) 2 where m t = mass of target atom, m B = mass of the incident ions. Details are shown in the 'DI-VIMP Reference Manual' on the website: http://starfire.utias.utoronto.ca/divimp/docs/divref.
Once the impurity neutrals are ionized, the crossfield motion and the parallel-to-B motion of the impurity ions should be considered separately. In the parallel direction, the impurity pressure gradient force, the friction force impacted by the background plasma, the electric field force, the electron temperature force and the ion temperature force are assumed to impact on the impurity ions. The cross-field motion of the impurity ions are supposed to be an anomalous diffusion with the anomalous diffusion coefficient D ⊥ = 1.0 m 2 /s. Fig. 7(a)-(h) shows the density distribution of carbon impurity with different ionization states and neutral carbon atoms in the calculation region of EAST shown in Fig. 3 from the DIVIMP modeling for shot 12303. Also, the maximum density of each charge state and the maximum of the total density of all the charge states can be obtained from the DIVIMP results and are shown in Fig. 7 .
Results and discussions
The 2D density distributions of carbon impurity show that neutral C atoms concentrate on the regions near the target plates. Since all the carbon impurity particles are produced as neutrals by physical and chemical sputtering due to the interactions between the plasma and target plates, and after emitting from the target plates they travel in straight lines with initial velocities and directions described in section 3 until they collide with the background plasma and become ionized. So, neutral C atoms are more likely to concentrate near the target plates where they are produced. For the lower ionization states of C impurity, C +1 and C +2 mainly concentrated near the target plates and the X-point, because they tend to exist mainly in the regions where they are easy to be produced and not too easy to be ionized to higher charge states. The carbon impurity ions with higher ionization states, C +3 and C +4 , are more likely to concentrate in regions near the X-point where there are higher plasma temperatures and stronger particle fluxes. With the increase of ionization states, from C +2 to C +4 , the impurity particles tend to concentrate from the X-point region to the core plasma. In the X-point region and the core plasma, the plasma temperature is higher and C impurity can be ionized to ions with higher charge states, so, the densities of ions with higher charge states become higher in these regions. It is very difficult to ionize helium like C +4 particles to much higher charge states, C
+5
and C +6 , so, the density of C +5 is much lower in the region with a lower plasma temperature, even in the region with a higher plasma temperature near the core plasma. The density distribution of C +6 is empty in some of the computation region, which means that the density of C +6 is too low to be shown. Fig. 7(h) shows the total density of the carbon with all the ionization states C 0 to C +6 . From this figure, the level of C impurity is much higher in the core plasma (in 10 15 order of magnitude) in EAST, even in the condition with the low Ohmic heating power of 0.161 MW. Also, the content of C impurity in the core is much higher than that in the SOL. The following part will give a detail interpretation for the radial profiles and the poloidal inhomogeneity of the carbon impurity density distributions shown in Fig. 7 . Fig. 7 evidently illustrates that all the charge stated (0 to +6) carbon impurity particles are unevenly distributed in the computational region both in the poloidal and the radial direction, as well as the total density of all the charge states. Generally, the distribution of impurity particles amongst the different charge states is determined by both the impurity transport and the balance of ionization and recombination of excitation and de-excitation in the background plasma. The radial profiles of the impurity ions can be interpreted by the Engelhardt model [13, 16, 17] to a first approximation. Here we focus on the interpretation of the radial profile of the total density of all the carbon impurity species (see Fig. 7(h) ), and the radial density profile of impurity ions with charge states +1 to +6 (see Fig. 7 (b)-(g)) can be interpreted in the same way. Based on the Engelhardt model, for cases in which the radial motion is assumed to have an anomalous diffusion and no radial pinch is considered, the resulting radial profile of the total density of all the impurity ions inside the last closed flux surface (LCFS) can be deduced as this: a linear decay to a level n z (a) at the LCFS and a profile inside r = a − λ iz (λ iz is the radial distance to the LCFS at which all the impurity neutrals are ionized, but not necessarily fully ionized), which gradually 'back-fill' to a constant value in reaching a steady state. This resulting impurity ion density radial profile is shown in Fig. 8 . By comparison, we can find a qualitative consistency between the radial density profile shown in Fig. 7(h) and that shown in Fig. 8 (note: the computational region of Fig. 7 does not cover the whole core). On the other hand, just as Fig. 8 shows, the steady state impurity ion density inside r = a − λ iz , n z , is the direct consequence of the fact that in the steady state at r = a − λ iz , the radial impurity neutral influx density Φ neut in /A p (A p is the plasma surface area at r = a − λ iz ) equals the radial impurity ion out flux den-
. This results clearly demonstrates that the impurity level in the core is mainly determined by the edge plasma (the plasma region in which the impurity particles are not fully stripped off) property (D ⊥ , λ iz , Φ neut in , etc.). So, to degrade the impurity contamination level in the core, we must optimize the edge plasma condition. However, to better understand the relationship between the impurity level in the core plasmas in EAST and the edge background conditions, further quantitative research is needed in the next step. Even though all the impurities ionize at a single poloidal/toroidal location, the parallel transport is generally so much faster (in the acoustic velocity order of the magnitude) than the radial (cross-field) transport that the impurities will become uniformly poloidally distributed inside the edge plasma region (defined in the last paragraph). While in the edge plasma, since some complex impurity physics processes, ionization & recombination etc., occur, the impurity transport is usually 2D, or even 3D. The resulting steady state impurity density has both the poloidal and radial inhomogeneity, just as Fig. 7 shows. Also, in the edge impurity transport, one must consider both neutral and ionic transport. That is to say, the edge plasma and impurity transports are so complex that more attention should be paid to it in future. Based on the 2D distributions of the C impurity density, the 2D distributions of CII and CIII emissivities from C +1 and C +2 radiation respectively were also calculated and are shown in Fig. 9 . Fig. 9 illustrates that the contours of CII (b) and CIII (a) emissivity intensities from C +1 and C +2 radiation respectively are similar to the density contours of C
+1
and C +2 particles shown in Fig. 7 . The 2D radiation distribution of CIII spectral lines can be integrated along given lines of sight for direct comparison with measurements [18] . Simulations of CIII signals observed by the divertor spectrometer were performed under the assumptions illustrated in section 3. In order to assess the reliability of the modeling results shown in Figs. 7 and 9, chordintegrated CIII emissivity from the modeling results has been compared to the experimental observations by using the chords CIII(1-18U), which is shown in Fig. 2 . Fig. 10(a) shows the chord-integrated CIII emissivities from the DIVIMP and B2.5/Eirene-SOLPS5.0 modeling results and experimental measurement. It is known from some other experiments [19] that usually the uncertainty of the separatrix position δr sep is several centimeters. This magnitude is comparable to typical decay lengths of plasma parameters in SOL plasma. On the other hand, MHD equilibrium which is used for the present modeling for shot 12303 does not match the experimental measurement exactly at the time, so, the experimental profiles of the chord-integrated CIII emissivity include a 3-channel number shift to the left along the X-axis in Fig. 10 in order to match the modeling results from SOLPS and DIVIMP well. From Fig. 10(a) , the modeling results from DIVIMP are closer to the experimental values than those from SOLPS, indicating that the kinetic model in Monte-Carlo code DIVIMP is more suitable for impurity transport simulation than the trace impurity fluid model in SOLPS.
Chord-integrated CII emissivity is also obtained and shown in Fig. 10(b) . Unfortunately, there are no experiment measurements of chord-integrated CII emissivity available to be compared and the comparison may be done in future. In Fig. 10 , the measured signals of CIII emissivity are dimensionless and relative values, while the modeling results of CIII emissivity are absolute values. The comparison in Fig. 10 demonstrates a favorable agreement between the modeling signals and experimental measurement of CIII emissivity. Reasons for the remaining differences between modeling CIII signals and the measured ones may be due to the following points. First, the divertor experiment in EAST tokamak is at the beginning stage, so the measured parameters have inevitable errors. Second, the model used in this simulation work may have some inappropriate simplification.
Conclusion
By one of the most commonly used Monte Carlo codes DIVIMP, the carbon impurity transport properties in EAST Ohmic shot 12303 was simulated in real divertor geometry. Background plasma in this shot was externally taken from the calculation of B2.5/Eirene. In the simulation, the 2D distributions of the temperature and impurity density for different ionization states and for the neutral atoms are calculated. From these calculations, the 2D distributions of CII and CIII line emission were calculated further. The 2D distribution of the CIII line emission was integrated along the given lines of sight and directly compared with the measurements. The profile of CIII emission signals from the simulation is similar to the measured profile of CIII emission signals. So, impurity transport models implemented in DIVIMP are suitable for carbon impurity transport property simulation in EAST. However, there is no doubt that if DIVIMP can operate in a feedback mode in which the impurity radiation, densities, and other quantities are fed back to the external 2D edge fluid code B2-EIRENE, the modeling results would be more reliable. Unfortunately, this feedback mode of the DIVIMP operation is very difficult to realize [13] and is still under development. Moreover, for a better understanding of the impurity production and transport properties in EAST tokamak, greater efforts should be made in both the divertor experiments and the related simulations in the future.
